Purpose: This work proposes and compares two 3D global evaluation methods for assessing the alteration of calculated dose distributions when treatment planning system algorithms or irradiation techniques is modified in radiation therapy.
Introduction
The optimization of irradiation therapy is a continuous change from reference Treatment Planning System (TPS) or irradiation techniques to novel algorithms and irradiation techniques. The switch from the reference treatment plan to the new one deserves caution to ensure that the new treatment will give the expected same clinical outcome. Therefore, the implementation of a new technique implies a dosimetric assessment. Traditionally, the treatment plans were evaluated by comparing the dose volume histograms and dose distributions. This process is complex and time consuming. In order to make this process easier and quantitative, we propose to consider two 3D global analysis using gamma (γ) index proposed by Low et al. 1 and Chi (χ) index proposed by Bakai et al. 2 These methods were carried out for two types of technical changes. First we assessed the impact of switching from dose calculation algorithm without density correction to an algorithm which takes into account the density correction for lung cancer treatment. Second, we assessed the impact of switching from the Source Skin Dis-and efficiency Bakai et al. 2 Later, Gamma Volume Histograms (GVHs) for 2D and 3D were introduced by Spezi et al. to compare IMRT treatment plans. 3 In our study we used the γ-index proposed by Low et al. 1 , and χ-index proposed by Bakai et al. 2 . Both indexes are particularly useful when making an overall comparison of all fields used in each treatment plan. These indexes combine two criteria to compare tested and reference points: the Distance to Agreement (DTA) in millimeters and the dose difference in percentage.
For γ-index an ellipse is used to determine the acceptance region. The equation (1) shows the γ-index proposed by Low et al. 1 :
ΔDmax and Δdmax were maximum acceptable dose difference and maximum acceptable DTA. ΔD = Dt -Dr is the dose difference between tested dose (Dt) and reference dose (Dr). Δr = rt -rr is the difference of distance between tested and reference points. The γ≤ 1 represents fulfillment of the criteria.
Bakai et al. 2 , used the tube concept to make the evaluation process more efficient. This means the acceptance ellipses used in the gamma index became a tube that followed the reference distribution. The acceptance criteria at a reference point were determined using the local dose gradient, the dose difference and the DTA criteria. The value of χ-index was the ratio of the dose difference to the locally determined acceptance criteria. The equation 2 shows the χ-index provided by Bakai et al. 2 :
ΔDmax and Δdmax were maximum dose and maximum distance criteria, respectively. ΔD and r D  were the dose difference and the local dose gradient, respectively. The |χ| ≤ ± 1 represents the fulfillment of the criteria.
Evaluation of dose distribution in 3D
The DICOM images for each patient were exported from Eclipse ® TPS (Version 8.1; Varian Medical Systems, Palo Alto, CA) for reference and tested plans including the dose distributions. The center, size and resolution of the dose matrix in the XYZ directions were defined using Eclipse ® TPS. The anatomical position of the treatment isocenter was used as the reference point. The 3D dose evaluation was displayed using γ and χ maps along with the cumulative GVHs and CVHs which indicates the fraction of voxels with a γ and χ indexes equal or lower than a specific value. Figure 1 shows the schematic of the 3D evaluation using γ and χ indexes.
For this work two software were developed: one software was used for compute the γ maps and GVHs, and this software has been adapted to compute the χ maps and CVHs. Both software's analyze all voxels in the DICOM images and sort the total voxels detected in the DICOM images into positive and negative values. If the difference between the reference and tested plans induced an absolute value of γ and χ indexes above 1, this will demonstrate either an under dosage or over-dosage. However, in order to discriminate an over from an under estimated dose, a sign was attributed to absolute values of γ and χ indexes:

If Dt ≥ Dr, the positive sign was attributed to the absolute value for γ and χ indexes. This shows over dosage indicating that the calculated dose with the tested plan is superior to the calculated dose with the reference plan.  If Dt < Dr, the negative sign was attributed to the absolute value for γ and χ indexes. This shows under dosage indicating that the calculated dose with the tested plan is inferior to the calculated dose with the reference plan.
In this study all voxels in the DICOM image covering both the Planning Targets Volumes (PTVs) and the organs at risks (OARs) were included. Voxels outside the patient image (~0 Gy) were ignored (black pixels in the spatial distribution figures). Voxels with lower dose (10%) were also disregarded for the quantitative analysis as the relative dose threshold is easily met and generate a bias in the result (kaki pixels), as shown in  Cumulative GVHs and CVHs in 3D: the results of γ and χ maps for tested and reference plans were exploited for quantitative analysis by generating the cumulative GVHs and CVHs. The GVHs and CVHs show the volume ratios with a γ or χ indexs equal or lower than a given value. We considered that there was no dose difference between tested and reference plans, if 95% of voxels had |γ| and |χ| indexes ≤ 1.
In this study we used the 3D evaluation for γ and χ indexes to compare the spatial dose distribution for all structures: PTVs and OARs. The superposition of the γ and χ maps with the CT-Scan introduced the anatomic information. We could then see the healthy tissues located around the PTVs. The classical tolerance threshold of the gamma index in IMRT treatment plans quality control were used, i.e. 3% of dose and 3 mm for DTA.
Statistical analysis
The ratio of voxels having (|γ| ≤ 1) for the total, positive and negative GVHs were compared to that observed using χ-index. Pearson's Chi-squared test for 2 degrees of freedom was applied to assess the statistically significance between GVHs and CVHs generated by γ and χ indexes. Language R (version 2.15.2/2012-10-26) was employed to calculate p-value. 4 The alpha error showing the probability to reject a true null hypothesis was fixed at 5%. A p-value < 0.05 was considered as statistically significant. To measure the relationship between the GVHs and CVHs resulting from γ and χ indexes, Pearson and Spearman's rank correlation test was used. The results of test are between -1 and + 1: 
Application of global analysis method Comparison of dose calculation algorithms
We assess the impact of switching from Pencil Beam Convolution algorithm (PBC) integrated in the Eclipse® TPS (Version 8.1; Varian Medical Systems, Palo Alto, CA) to Modified Batho method (PBC-MB). PBC is a convolution algorithm based on pencil beam and calculates the dose without taking into account the heterogeneity correction. 6, 7 PBC-MB method calculates the dose taking into account the 1D heterogeneity using a correction factor. The correction factor was determined by ray tracing from the primary radiation source to the point of interest. 8, 9 PBC and PBC-MB were two different options in the use of Eclipse® TPS, i.e., switching the inhomogeneity correction on or off.
Treatment plans: For each patient, 2 treatment plans were generated using exactly the same configuration of beams, collimator and accessories:  Plan 1: the dose was calculated using PBC algorithm.  Plan 2: the dose was calculated using PBC-MB method.
Plan 1 was the reference plan and plan 2 was the tested plan. The reference plan was the one used to actually treat the patients and was designed according to the clinical experience of the department and ICRU recommendations. For the PTVs, 95% of the prescribed dose encompassed the volume and the maximum dose within the PTVs was under 107% of the prescribed dose. For organs at risk, the recommended dose constraints were respected in reference plan.
Clinical cases: 3 Patient records were used to evaluate the impact of switching from PBC algorithm to PBC-MB. The patients were treated using the 3D radiotherapy irradiation technique with 18MV photon beams. Radiation oncologists delineated the anatomic borders of target structures and OARs. The PTVs were defined according to the recommendations of ICRU Reports 50 and 62. 10, 11  Case 1: 6 fields were used to treat a tumor in right lung parenchyma. The PTV received 66Gy.  Case 2: 17 fields were used to treat a tumor located in mediastinum in left lung. The PTVs received 66Gy.  Case 3: 8 fields were used to treat a tumor in esophagus. The PTV received 54Gy.
Comparison of irradiation techniques
We assess the impact of switching from SSD technique to the single isocenter technique in the case of breast cancer treatment.
Treatment plans: for each patient, 2 treatment plans were generated and the dose was calculated using PBC-MB method for both irradiation techniques:  Plan 1: the SSD technique was used.  Plan 2: the single isocenter technique was used.
Plan 1 was thus the reference plan and plan 2 the tested plan. Plan 1 was used to actually treat the patients. The reference treatment plans were designed according to the clinical experience of the department and ICRU recommendations.
Clinical cases: 3 Cases were chosen representing typical irradiation situations: breast alone, breast and boost areas, breast and supra-clavicular areas. The patients were treated using the 3D radiotherapy irradiation technique with 6MV photon beams. Radiation oncologists delineated the anatomic borders of target structures and OARs. 
Results

Comparison of dose calculation algorithms
Analysis of γ and χ maps in 3D
The comparison of spatial distribution using γ and χ maps showed that the two indexes produce values varying from 0 to │7│. The results of the 3 patients showed that using PBC-MB method the dose for OARs was superior (red coloring), but a fraction of the PTVs will be under dosage (blue coloring) compared to reference PBC algorithm. Figure 2 (a) and 2 (b) show a sample of γ and χ maps resulting from the comparison between the two algorithms combining reference and tested plans for patient 1. It can be seen that both indexes showed the same maps. Figure 2 (c) shows the CT scan for the parenchyma site; the red circle shows PTV2 and the yellow circle shows PTV1. It is clear in Figure 2 , that PBC and PBC-MB are different for large areas where γ and χ are > 1 outside of the PTV. We observed that inside the PTV, only small portions showed a difference between PBC and PBC-MB leading to a γ and χ > 1. Table 1 shows the total, positive and negative voxels calculated using γ and χ indexes for all clinical cases. In Table 1 , it seems clear that, the ratio of positive voxels calculating with γ and χ indexes was inferior to the ratio of negative voxels. This indicates that using the PBC algorithm the PTVs will receive more dose than with PBC-MB method. Figure 3 shows the absolute values of the cumulative GVHs and CVHs using γ and χ indexes. They show the total, positive and negative voxels which discriminate the under and over dosage. It can be seen that 85% and 95% of the negative and positive voxels have a γ ≤ 1, respectively using γ and χ indexes. This shows under estimated doses when we switch from PBC to PBC-MB.
Analysis of cumulative GVHs and CVHs in 3D
Statistical analysis:
Pearson's Chi-squared test showed that there was no statistically significant difference between γ and χ indexes, (p > 0.05), as shown in Table 1 . Figure 4 shows the correlation between GVHs and CVHs for all voxels in all clinical cases. It can be seen that the correlations coefficient using Pearson and Spearman's was r = 1 for positive and total voxels, but r = 0.99 for negative voxels. The correlation coefficient value shows a strong positive correlation between the two indexes. This means the values of voxels obtained using γ and χ were very similar. . It can be seen that 85% and 95% of the negative and positive voxels have a γ ≤ 1, respectively using γ and χ indexes. This means that the tolerance level of 95% of voxels having gamma ≤ 1 is not obtained for the negative voxels using PBC-MB method for plan 2. for all voxels when comparing SSD technique with single isocenter technique for all clinical cases. It can be seen that the correlations coefficient using Pearson and Spearman's was r = 0.97 for positive and total voxels, but was r = 0.99 for negative voxels.
Comparison of irradiation techniques
Analysis of γ and χ maps in 3D
The comparison of spatial distribution using gamma γ and χ maps showed that the two indexes produce values varying from 0 to │7│. The results showed that using single isocenter technique the dose for PTVs was superior for cases 2 and 3. The Figure 5 shows a sample of γ and χ maps resulting from the comparison between the two techniques combining reference and tested plans for case 1. The result shows that the both index showed the same gamma maps. It is clear in Figure 5 , that both techniques are different for large areas where γ and χ are > 1 inside the PTV. The red coloring shows more doses in the PTV using the single isocenter technique. Table 2 shows the total, positive and negative voxels calculated using γ and χ indexes for all clinical cases. The Table 2 clearly shows that the ratio of positive voxels calculated with γ and χ indexes was superior to the ratio of negative voxels for cases 2 and 3. This indicates that using the single isocenter technique the PTVs will receive more dose than with the SSD technique. The Figure 6 shows the absolute values of the cumulative GVHs and CVHs using γ and χ indexes for case 2. They show the positive, negative and total voxels which discriminate the under and over dosage. It can be seen that 97% and 100% of the positive and negative voxels have a γ ≤ 1, respectively. Conversely, 100% of the positive and negative voxels have a χ ≤ 1. In this case the tolerance level of 95% of voxels having γ or χ ≤ 1 was respected for negative and positive voxels for both indexes.
Analysis of Cumulative GVHs AND CVHs in 3D
Statistical analysis:
Pearson's Chi-squared test showed that there was no statistically significant difference between γ and χ indexes, (p > 0.05), as shown in Table 2 . The Figure 7 shows the correlation between GVHs and CVHs for all voxels in all clinical cases. It can be seen that the correlations coefficient using Pearson and Spearman's was r = 0.97 for positive and total voxels, but r = 0.99 for negative voxels. The correlation coefficient value shows a strong positive correlation between the two indexes. This means that the values of voxels obtained using γ and χ were very similar.
Discussion
Currently, the DVH and isodose distribution, which result of decades of clinical experience, are used to compare and validate the treatment planning. We suggest in this study the use of (γ and χ) maps and cumulative (GVHs and CVHs) to objectively validate new treatments conditions, both dosimetric calculation and set up improvement. The γ and χ indexes provide an overall comparison that makes an easier comparison for 3D dose distribution. Using the 3D evaluation the physicists could easily improve the treatment plan to protect the healthy tissues if there is any fraction of the voxels with (γ or χ >1 indicating over dosage), located in the region of interest. However, some of the clinical cases showed a less difference between γ and χ indexes ( Table 2 and Figure 5 ). This difference is due to false positive or false negative for γ analysis. 12 In this study we observed that the evaluation in 3D using γ and χ indexes is well adapted to compare two algorithms or two irradiation techniques. They showed a disagreement between the tested and reference plans. For the comparison of dose calculation algorithms, the γ and χ analysis demonstrated an under-dosage using PBC-MB method compared to reference PBC algorithm. Chaikh et al. showed that the risk due to the change in the algorithm from PBC to PBC-MB was a reduction in the dose delivered to the PTVs. 13 In this study the 3D quantitative analysis based on γ and χ indexes confirms the same results obtained using the traditional dosimetric analysis by Chaikh et al. 13 . For the comparison of irradiation techniques, Chaikh et al. demonstrated that the usual dosimetric and statistical analysis (DVH, isodose curves, and quality indexes) were to the benefit of the single isocenter technique. 14 The γ and χ analysis have confirmed this results.
We observed in this study that γ-index introduced by Low et al. 1 , was very time-consuming (~2 days) to compute γ maps in 3D. But, χ-index introduced by Bakai et al. 2 , was very less time-consuming (~15 min) to compute χ maps in 3D. This means that the χ-index evaluation was (~190) times faster than γ-index evaluation. Therefore, the use of γ or χ evaluation allow to following the irradiation of the patient during the treatment. The γ and χ indexes require only two DICOM images. To follow the patient irradiation, the reference image (Dr) based on the initial planning and the tested image (Dt) could be obtained during each treatment session. This needs the transfer of the fluence map of irradiation delivered by the linac, a very accurate re-positioning of the patient on the treatment table, and an identical treatment isocenter. As a whole, the χ indexes maps could be used for adaptive dosimetry approaches.
Conclusion
The γ and χ indexes provided a quantitative evaluation in 3D using the maps and cumulative GVHs and CVHs. The two indexes showed the same results (p > 0.05). The χ-index based on Bakai et al. 2 , was computationally efficient compared with the original γ-index. The χ-index is a useful and rapid tool to compare the dose distribution in 3D. We propose the χ index for quantitative evaluation of dose distribution in 3D.
